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Gibberellin A1 (GA1) levels drop significantly in wild-type pea (Pisum sativum) plants within 4 h of exposure to red, blue,
or far-red light. This response is controlled by phytochrome A (phyA) (and not phyB) and a blue light receptor. GA8 levels
are increased in response to 4 h of red light, whereas the levels of GA19, GA20, and GA29 do not vary substantially. Red light
appears to control GA1 levels by down-regulating the expression of Mendel’s LE (PsGA3ox1) gene that controls the
conversion of GA20 to GA1, and by up-regulating PsGA2ox2, which codes for a GA 2-oxidase that converts GA1 to GA8. This
occurs within 0.5 to 1 h of exposure to red light. Similar responses occur in blue light. The major GA 20-oxidase gene
expressed in shoots, PsGA20ox1, does not show substantial light regulation, but does show up-regulation after 4 h of red
light, probably as a result of feedback regulation. Expression of PsGA3ox1 shows a similar feedback response, whereas
PsGA2ox2 shows a feed-forward response. These results add to our understanding of how light reduces shoot elongation
during de-etiolation.

The involvement of gibberellins (GA) and phyto-
chrome (phy) in the de-etiolation of pea (Pisum sati-
vum) has been discussed for over 40 years (Lockhart,
1956; Kende and Lang, 1964; Reid, 1983). However, it
is only in the last few years that it has been firmly
established that the level of the major bioactive GA in
peas, GA1, drops during the first 24 h of exposure to
light (Ait-Ali et al., 1999; Gil and Garcia-Martinez,
2000; O’Neill et al., 2000). The reason for the previous
lack of clarity is probably that the GA1 level in the
elongating stem rises after the first 24 h of exposure
to light, to levels similar to those found in dark-
grown plants (O’Neill et al., 2000). Therefore, several
earlier studies had failed to show any major differ-
ence in GA1 levels between continuously light- and
dark-grown plants (e.g. Ross et al., 1992; Weller et al.,
1994). The continuing difference in elongation be-
tween light- and dark-grown plants appears to be
attributable to a reduction in the responsiveness of
elongating stem tissue to GA1 in light-grown shoots
compared with dark-grown shoots (Reid, 1988;
O’Neill et al., 2000).

There have been several studies showing that light
controls GA synthesis, and hence development, via
the photoreceptor phy (Kamiya and Garcia-Martinez,
1999). Perhaps the best studied examples are the
light-regulated control of seed germination in lettuce
(Lactuca sativa) and Arabidopsis. In lettuce, the Ls3h1
gene is dramatically up-regulated by red light, which
leads to increased GA1 levels (Toyomasu et al., 1998).
In Arabidopsis, two genes encoding GA 3�-
hydroxylases, GA4 and GA4H, are induced by red

light (Yamaguchi et al., 1998). Through the use of a
phyB mutant, it was shown that GA4H was regulated
by phyB, but that some other member of the phy
gene family presumably regulates the GA4 gene
(Yamaguchi et al., 1998). However, bioactive GA lev-
els were not directly determined in this study. Reg-
ulation of GA levels has also been shown by photo-
period in long-day rosette plants such as spinach
(Spinacia oleracea; Talon et al., 1991) and during tu-
berization in potato (Solanum tuberosum; Xu et al.,
1998). GA 20-oxidase mRNA levels are regulated by
light in spinach (Wu et al., 1996), whereas in potato,
phyB mediates the tuberization response (Jackson et
al., 2000).

In this study, we have used mutants deficient in
phyA and/or phyB and a range of light conditions to
determine the photoreceptor(s) involved in regulat-
ing GA levels during de-etiolation in pea. We have
also determined the timing of changes in GA levels
and the expression of genes controlling the later steps
of GA metabolism (Fig. 1) under a range of light
conditions. The results suggest that phyA and a blue
light receptor are involved in regulating GA levels.
The changes in GA levels probably result from direct
light regulation of mRNA levels of specific GA
3-oxidase and GA 2-oxidase genes. In addition, feed-
back regulation of GA 20-oxidase and GA 3-oxidase
gene expression, and feed-forward regulation of GA
2-oxidase expression are also important in regulating
bioactive GA1 levels during the de-etiolation process.

RESULTS

Photoreceptors Involved in the Regulation of GA
Levels by Light

White light has been shown to dramatically reduce
the level of GA1 during the first 24 h of de-etiolation
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(Ait-Ali et al., 1999; Gil and Martinez, 2000; O’Neill et
al., 2000), with an associated increase in its inactive
2�-hydroxylated product, GA8 (Gil and Martinez,
2000; O’Neill et al., 2000). The results show clearly
that 4 h of red light (P � 0.01; Fig. 2C), blue light (P �
0.01; Fig. 2A) and, to a lesser extent, far-red light (P �
0.05; Fig. 2A) also lead to significant reductions in
GA1 levels in wild-type (WT) seedlings. A concomi-
tant increase in GA8 levels occurs in red light (P �
0.01; Fig. 2C), whereas the levels of GA20, GA19, and
GA29 show little variation. In a similar manner, sig-
nificant changes in GA1 and GA8 levels are seen
between phyB mutants grown in the dark and plants
exposed to 4 h of red light (P � 0.01; Fig. 2D),
suggesting that phyB is not involved in the regula-
tion by red light of GA1 levels in this system. How-
ever, a quite different picture is seen in phyA mutants
and in the double mutant phyA phyB. No significant
change in GA1 or GA8 levels are seen when phyA
(Fig. 2C) or phyA phyB (Fig. 2D) seedlings exposed to
4 h of red light are compared with dark-grown seed-
lings. The levels of GA19, GA20, and GA29 also do not
vary substantially. This suggests phyA controls the
change in GA1 and GA8 levels under red light. To
confirm that phyA was responsible for regulating
GA1 and GA8 levels, phyA seedlings were exposed for
4 h to far-red light. Again, there was no significant
change in GA1 or GA8 levels (Fig. 2B). However, after
4 h exposure of phyA seedlings to blue light, a 10-fold
decrease in GA1 level occurred (P � 0.01; Fig. 2B),
similar to the change seen in WT seedlings (Fig. 2A).
This suggests that although phyA regulates bioactive
GA1 levels under red and far-red light in pea, a
separate blue light receptor(s) is involved in the re-
sponse to blue light.

Effect of phyA on GA Responsiveness

WT seedlings of pea show reduced elongation un-
der continuous red, far-red, blue, and white light

compared with dark-grown plants (Behringer et al.,
1992; Weller et al., 2001). The phyB mutants show a
reduced inhibition in response to red, blue, and white
light (Behringer et al., 1992; Weller et al., 2001),
whereas phyA mutants are effectively blind to far-red
light (Weller et al., 2001). The phyA phyB double
mutant is effectively blind to far-red and red light
(Weller et al., 2001). The phyB plants have been
shown to be more responsive to GA1 under white
light than comparable WT plants (Reid and Ross,
1988). This presumably explains why phyB plants are
longer than WT plants under red light even though
the GA1 levels respond similarly to exposure to red
light (Fig. 2, C and D). However, the responsiveness

Figure 2. Comparison of the level of 13-hydroxylated GAs in WT
(line 107) and phyA-deficient (phyA), phyB-deficient (phyB), and
phyA phyB-deficient (phyA/phyB) mutant lines of pea transferred to
red (R), far-red (FR), or blue (B) light for 4 h. Seedlings were grown in
continuous dark (D) for 7 d prior to transfer. A and B were part of one
experiment and C and D were part of another experiment.

Figure 1. The later stages of GA biosynthesis in pea, and the site of
action of the major genes. PsGA3ox1 is Mendel’s LE gene and
PsGA2ox1 is SLN. PsGA2ox2 may have a very minor effect on the
conversion of GA20 to GA29 based on metabolism studies of Lester et
al. (1999).
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of phyA seedlings to GA1 in red light has not been
previously examined. The results in Figure 3 show
that regardless of the level of phyA, seedlings
dwarfed with paclobutrazol (PP333) and on a GA1-
deficient le-3 genetic background respond similarly
to 1- and 10-�g doses of GA1. In fact, the response to
GA1 was marginally less between nodes 1 and 4 in
phyA plants than in WT plants (277% versus 330%
increase with 1 �g of GA1 and 1,120% versus 1,230%
increase with 10 �g of GA1). This clearly suggests
that phyA does not significantly influence the re-
sponse of red light-grown plants to GA1 (Fig. 3),
although phyA does regulate GA1 levels during the
early stages of de-etiolation (Fig. 2C).

Changes in GA Levels during De-Etiolation

Ait-Ali et al. (1999) have suggested that changes in
GA levels during de-etiolation may occur prior to
changes in GA 20-oxidase and GA 3-oxidase gene
expression in white light. To examine this apparent
paradox, the timing of changes in GA levels was
examined during the first 24 h of de-etiolation of WT
pea seedlings under red, blue, and far-red light (Fig.
4). Under red and blue light, there was no significant
change in the levels of the bioactive GA, GA1, after
0.5 or 1 h of light exposure. A significant reduction
was apparent at 2 h in red and blue light (P � 0.05),
in agreement with results under white light reported
by Ait-Ali et al. (1999) and Gil and Garcia-Martinez
(2000). A further reduction was seen at 4 and 7 h with
the level beginning to rise by 24 h, although still
below that seen in continuous dark. This rise is con-
sistent with results of O’Neill et al. (2000) who
showed that GA1 levels initially drop in de-etiolating

seedlings before recovering to reach levels seen in
continuously light-grown plants after 5 d. This rise
explains why comparisons of GA1 levels in continu-
ously dark-grown versus light-grown seedlings can
be misleading regarding the control of de-etiolation
by GAs.

Under far-red light, a significant drop in GA1 levels
is not seen until 4 h (P � 0.05) after the start of
illumination, and even at 7 h (P � 0.001) the reduc-
tion is only 3-fold rather than the approximately
7-fold change seen under red and blue light. These
results are correlated with a smaller reduction in
internode length caused by far-red light compared
with red and blue light (Weller et al., 2001) and with
the extended timing of phyA movement from the
cytoplasm to the nucleus under far-red compared
with red light (Hisada et al., 2000).

Under all three light treatments, a significant in-
crease in GA8 levels occurred by 7 h (P � 0.05). At the
same time there was a significant drop in GA1 (P �

Figure 3. The mean length of internodes 0 through 5 in PHYA and
phyA plants (on a dwarf le-3 background) treated with 5 �g of the GA
biosynthesis inhibitor PP333 (ƒ), 5 �g of PP333 � 1 �g of GA1 (�),
or 5 �g of PP333 � 10 �g of GA1 (E). Plants were grown under
continuous red light. Where SE bars are not visible, they lie within the
dimensions of the symbol. n � 10. Node 0 is the cotyledonary node.

Figure 4. Comparison of mean GA1(ƒ), GA8(�), and GA20(E) levels
in 7-d-old seedlings on transfer from continuous darkness (D) to
continuous red (R), far-red (FR), or blue (B) light. Where SE bars are
not visible they lie within the dimensions of the symbol; n � 2.
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0.01) levels. This supports the results of Gil and
Garcia-Martinez (2000) and O’Neill et al. (2000) un-
der white light, and suggests that the 2�-
hydroxylation of GA1 (Fig. 1) may be an important
step in the regulation of the level of bioactive GA1
during de-etiolation in pea.

The levels of GA19, and GA29, the 2�-hydroxylation
product of GA20 (Fig. 1), do not differ significantly
under red, blue, or far-red light (data not shown).
The level of GA20 shows a tendency to start to rise
after 24 h of exposure to red, far-red, or blue light
(Fig. 4), again consistent with the results of O’Neill et
al. (2000), who showed that after 5 d of de-etiolation
under white light, GA20 levels rose to the levels
found in continuously light-grown plants.

Changes in the Expression of GA Biosynthesis
Genes during De-Etiolation

The later steps in GA metabolism are controlled by
2-oxoglutarate-dependent dioxygenases (Fig. 1; Hed-
den and Phillips, 2000). Each step is controlled by a
small gene family with the various members being
expressed in different tissues and/or different envi-
ronmental conditions (Hedden and Phillips, 2000).
We examined the mRNA levels of the members of
these families that are expressed in the young shoot
tissue of pea. Hence, we examined the GA 20-oxidase
gene, PsGA20ox1 (Garcia-Martinez et al., 1997), Men-
del’s GA 3-oxidase gene, PsGA3ox1 (LE; Lester et al.,
1997), and two GA 2-oxidase genes, PsGA2ox1 (SLN;
Lester et al., 1999) and PsGA2ox2 (Lester et al., 1999;
Fig. 1). In each case, we examined the mRNA level
from a sample of each replicate experiment used to
determine GA levels in Figure 4.

Mendel’s PsGA3ox1 gene, which regulates the con-
version of GA20 to GA1 in shoots (Fig. 1), showed
clear down-regulation by 0.5 h of red, far-red, or blue
light (Fig. 5B). This down-regulation continued until
2 h, but had returned to near the levels seen in
dark-grown plants by 7 h. These results suggest that
Mendel’s PsGA3ox1 gene is light-regulated during
the early stages of de-etiolation and they also suggest
that feedback regulation by the reduced GA1 levels at
2 and 4 h may then lead to renewed gene expression.
To examine this proposed feedback regulation, a
dwarf GA1-deficient mutant, ls-1, and a slender, GA1-
overproducing mutant, sln (mutation in gene
PsGA2ox1), were also analyzed during de-etiolation
under red light (Fig. 6). Clear light regulation of the
PsGA3ox1 gene was apparent in WT, sln, and ls-1
plants. However, in sln plants, it was much further
down-regulated and for a longer period than in ls-1
plants, which only showed strong down-regulation
at the 0.5-h time point. These results suggest an in-
teresting interaction between light regulation and
feedback regulation.

The shoot-expressed GA 20-oxidase gene, PsGA20
ox1, showed low expression over the first 2 h of red,

far-red, or blue light (Fig. 5A). Under all three light
treatments, its expression then increased (after 4 or
7 h) until 24 h of exposure. This change probably
reflects feedback regulation rather than light up-
regulation because it occurs much later than the light
regulation seen for PsGA3ox1 (Fig. 5B) and occurs
after the observed drop in bioactive GA1 (Fig. 4).
Feedback regulation of this gene is well established
in pea (Martin et al., 1996; Ross et al., 1999). This
appeared to be confirmed when the expression of

Figure 5. PsGA20ox1 (A), PsGA3ox1 (B), PsGA2ox1 (C), and
PsGA2ox2 (D) mRNA levels in 7-d-old pea seedlings transferred to
blue (B), far-red (FR), or red (R) light as shown by northern analysis.
The plants were transferred from darkness (D) to the relevant light
treatment for the time (h) indicated. The dark 24-h sample (D24)
represents the mRNA level in continuous darkness 24 h after the
initial transfer. The corresponding gels showing the ribosomal RNAs
stained with ethidium bromide are shown immediately below each
northern blot to indicate the loading of lanes.
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PsGA20ox1 was examined in the sln and ls-1 mutants
(Fig. 6). Only small changes in expression were evi-
dent over the first 4 h of red light, but the expression
is markedly higher in ls-1 plants compared with sln
plants at all time points and in the dark.

The two GA 2-oxidase genes, PsGA2ox1 and
PsGA2ox2, cloned from pea (Lester et al., 1999) ap-
pear to be expressed in expanding internodes (Elliott
et al., 2001). The PsGA2ox1 (SLN) product clearly
regulates the 2-oxidation of GA20 to GA29 to GA29-
catabolite, especially in developing seed because sln
plants have a clear morphological phenotype (Reid et
al., 1992; Lester et al., 1999). However, the sln muta-
tion did not substantially affect the metabolism of
GA1 to GA8 in mature shoot tissues, although GA1
levels were elevated to a small extent in mature sln
plants (Ross et al., 1995). However, PsGA2ox1 gene
product can convert GA1 to GA8 in vitro (Lester et al.,
1999). The PsGA2ox2 gene product has a strong pref-
erence for GA1 rather than GA20 as a substrate (Lester
et al., 1999). On this evidence, it has been suggested
that it is a good candidate for the enzyme that deac-
tivates GA1 in the shoot. The results show that
PsGA2ox2 expression is up-regulated by 1 or 2 h of
exposure to red light (Fig. 5D). A small but similar
response is evident for blue light (Fig. 5D). A similar
pattern is shown in sln and ls-1 plants in red light
(Fig. 6). However, due to feed-forward regulation of
this gene (Elliott et al., 2001), the effect is more pro-
nounced in sln plants than ls-1 plants. The single base
substitution in the sln (PsGA2ox1) gene may also have
affected transcript abundance due to altered mRNA
stability. The down-regulation of PsGA2ox2 expres-

sion seen (depending on light treatment) between 4
and 24 h exposure to light (Fig. 5D) probably results
from this feed-forward mechanism because GA1 lev-
els have dropped dramatically by 4 h (Fig. 4).

The regulation of PsGA2ox1 expression is less clear.
Strong feed-forward regulation for this gene is seen
when the expression is compared between WT, sln,
and ls-1 seedlings (Fig. 6), consistent with the results
of Elliott et al. (2001). However, this gene shows little
photoregulation of expression after 2 h of red light,
but it does show a small increase after 4 h of exposure
(Fig. 6). This is confirmed by the results in Figure 5C
when exposure to red, blue, and far-red light over the
first 24 h of de-etiolation also suggests some transient
up-regulation of expression between 4 and 7 h of
light.

DISCUSSION

O’Neill et al. (2000) showed that during de-
etiolation in pea there is first a rapid reduction in
GA1 levels, which is followed by a reduction in the
response to GA1. This reduced response allows con-
tinued inhibition of shoot elongation even though
GA1 levels return to homeostatic levels. The present
results show that phyA and a blue light receptor(s)
regulate the level of bioactive GA1 during the initial
stages of de-etiolation. PhyB does not appear to be
involved in this process. However, Reid and Ross
(1988) showed that the phyB mutant is more respon-
sive to GA1, suggesting that phyB controls the re-
sponsiveness of the shoot to GA1. The results in
Figure 3 indicate that phyA does not influence this
process in red light.

In Arabidopsis, phyA causes a transient decrease in
hypocotyl elongation during the first 3 h of exposure
to continuous red light (Parks and Spalding, 1999),
whereas phyB regulates inhibition after 3 h (Parks
and Spalding, 1999). In pea, phyB seedlings show a
similar inhibition of growth to WT plants during the
first 2 to 3 h of exposure to continuous red or white
light, but reduced inhibition thereafter (Behringer et
al., 1992), similar to the results in Arabidopsis.
Behringer et al. (1992) suggested that this may indi-
cate the transition of the primary photocontrol of
stem elongation from a light-labile to a light-stable
phy. This suggests an interesting parallel between
the system in pea and Arabidopsis. Further, it is
tempting to suggest that the transient phyA-
regulated change in elongation seen in Arabidopsis
may be caused by a rapid change in bioactive GA
levels similar to that shown in pea. The longer-term
response may be the result of a change in GA respon-
siveness because Reed et al. (1994) have shown that
phyB in Arabidopsis does enhance the responsive-
ness of shoot tissue to applied GA3. The similarity in
the responses to red and blue light in pea suggests
that although distinct photoreceptors (phyA and a
blue light receptor) are involved, they may share a

Figure 6. PsGA20ox1, PsGA3ox1, PsGA2ox1, and PsGA2ox2
mRNA levels after transfer to red light in WT, GA1-overproducing
(sln), and GA1-deficient (ls-1) mutant lines of pea, as shown by
northern analysis. Seedlings were grown in continuous dark (D) for
7 d prior to transfer. The dark 2-h sample (D2) represents the relevant
mRNA level in continuous darkness at the time of sampling of
seedlings transferred to R for 2 h. Immediately below each northern
blot is the gel showing the corresponding ribosomal RNAs (stained
with ethidium bromide) to indicate the loading of lanes.
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common transduction pathway that leads to similar
changes in the expression of the GA biosynthesis
genes and GA levels.

Previous studies have suggested that the changes
in GA1 levels during de-etiolation precede changes in
the expression of genes in the GA biosynthetic path-
way. Further, the expression response is in the oppo-
site direction to that expected (Ait-Ali et al., 1999; Gil
and Garcia-Martinez, 2000). In both cases, feedback
was suggested as the cause of the change in gene
expression. In these studies only, the expression of
the genes PsGA20ox1 and PsGA3ox1 was monitored
(Fig. 1). The combination of higher growth tempera-
tures and the different time of sampling suggests that
the response in gene expression monitored was the
increase in the expression of these genes following
the initial rapid drop in GA1 levels apparent in the
current studies at around 4 to 7 h of light exposure
(Fig. 4). The low level of gene expression seen in the
dark controls in the studies of Ait-Ali et al. (1999) and
Gil and Martinez (2000) may have been attributable
to the use of green safelights. Our work clearly shows
that a 15-min exposure to our green safelight can
cause substantial down-regulation of PsGA3ox1 ex-
pression 2 h later (data not shown), and a small
down-regulation is also apparent in the data of Ait-
Ali et al. (1999). This may not be surprising because
phyA is the photoreceptor involved and this is
thought to be the photoreceptor responsible for the
very low fluence response to red light in pea (Weller
et al., 1995). Ait-Ali et al. (1999) and Gil and Garcia-
Martinez (2000) appear to have missed the rapid (as
early as 0.25 h after commencement of red light, data
not shown) down-regulation of PsGA3ox1 expression
by light (Fig. 5).

To our knowledge, this study is the first to examine
the photoregulation of GA-deactivating genes. A
rapid (by 0.5 h) and clear photoregulation of
PsGA2ox2 is apparent (Fig. 6) and certainly occurs
sufficiently early to explain the significant increase in
GA8 levels seen after light exposure (Fig. 4). This
gene has been proposed as a likely candidate to
regulate deactivation of GA1 to GA8 in the shoot
(Lester et al., 1999). This is consistent with a light-
mediated increase in 2�-hydroxylation of GA1 to GA8
after feeds of labeled GA20 during de-etiolation
(O’Neill et al., 2000).

In conclusion, the results suggest that phyA and a
blue light photoreceptor(s) regulate the levels of bio-
active GA1 during de-etiolation. This is achieved at
least partly by regulating the deactivation of GA1 to
GA8 by PsGA2ox2. Photoreceptors also regulate the
expression of PsGA3ox1 (Mendel’s LE gene), the gene
responsible for controlling the 3�-hydroxylation of
GA20 to GA1 in the shoot during the first 4 h of
de-etiolation. PhyB does not appear to be involved in
regulating GA levels during de-etiolation (Fig. 2D),
but it does appear to control the change in respon-
siveness of stem tissue to GA1 during de-etiolation

(Reid and Ross, 1988). Feedback up-regulation of
PsGA20ox1 and PsGA3ox1 gene expression occurs af-
ter the first 4 h of de-etiolation, whereas feed-forward
down-regulation of PsGA2ox1 and PsGA2ox2 gene
expression is also apparent. The results clearly dem-
onstrate a complex regulation of the GA biosynthesis
genes at the level of transcript accumulation, which
results in reduced GA1 levels and hence elongation
during the first 4 h of de-etiolation.

MATERIALS AND METHODS

Plant Material

The pure pea (Pisum sativum) lines used were from the
collection held at the University of Tasmania (Hobart, Tas-
mania, Australia). The WT line 107 (derived from cv Tors-
dag), the phyA-deficient mutant phyA-1 (Weller et al., 1997;
Weller et al., 2001; formerly fun1-1), the phyB-deficient
mutant phyB-5 (Weller et al., 2001; formerly lv-5), the dou-
ble mutant phyA-1 phyB-5, the GA-deficient mutant ls-1
(Ait-Ali et al., 1997), and the GA-accumulating mutant sln
(Reid et al., 1992) were used in the gene expression and GA
level experiments. The GA1-deficient mutant le-3 (Ross et
al., 1995) and the double mutant phyA-1 le-3 were used in
the determination of GA responsiveness.

Growing Conditions

Plants were grown in plastic tote boxes, 50 plants per
box, in a 1:1 (v/v) mixture of dolerite chips:vermiculite,
topped with 2 to 3 cm of potting soil. Testae were nicked
with a razor blade prior to planting. Plants were grown in
complete darkness for 7 d at 20°C and were then trans-
ferred to blue, red, or far-red light. Control boxes were left
in the dark. The light cabinets were at 20°C with light
intensities of 23 �mol m�2 s�1. Red light was obtained by
using TLD 36 W/15 Red (internally coated) fluorescent
tubes (Philips, Eindhoven, Holland), blue light was ob-
tained by using TLD 36 W/18 Blue (internally coated)
fluorescent tubes (Philips) wrapped in two layers of blue
plastic film (cutting sheet 521C; Nakagawa Chemical, To-
kyo), and far-red light was obtained by using 20 W long-
wavelength fluorescent tubes (FL20S/FR-74; Toshiba, To-
kyo) filtered through far-red plastic (Westlakes Plastic
Company, Lenni, PA). The green safelight was L40 W/20S
cool-white fluorescent tubes (Osram, Munich, Germany),
covered in alternate layers of blue, yellow, and green plas-
tic film (cutting sheets 521C, 321C, and 431C, respectively;
Nakagawa Chemical).

Harvest Procedure

Plants were excised at the soil surface, weighed, and
counted. Plants were harvested at the following times after
transfer to light: 0.5, 1, 2, 4, 7, and 24 h. Dark-grown control
plants were harvested under a green safelight at time zero
and at 24 h. Approximately 15 plants were harvested for
hormone analysis and 10 were harvested for northern anal-
ysis. The plants for RNA extraction were wrapped in foil
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and were then immersed in liquid nitrogen. The plants
used for hormone analysis were immersed in approxi-
mately 50 mL of cold (�20°C) 80% (v/v) methanol.

GA Responsiveness

The testae of all seeds were nicked. Seeds were treated
with 5 �g of paclobutrazol (PP333) alone or with 5 �g of
PP333 plus 1 �g of GA1 or 10 �g of GA1 in 10 �L of ethanol.
Plants were grown under red light as previously described.
Lengths of the first four internodes, the total height, and
the number of nodes expanded were recorded at 19 d.

Northern Analysis

Total RNA was extracted from approximately 100 mg of
ground tissue using a RNeasy Plant Mini Kit (Qiagen,
Hilden, Germany). The RNA was quantified using a GBC
UV/VIS 916 spectrophotometer (Dandenong, Victoria,
Australia). Five micrograms of total RNA was run on a 1%
agarose (w/v) denaturing formaldehyde gel and was blot-
ted onto GeneScreen Plus (PerkinElmer Life Sciences, Bos-
ton). Hybridization was carried out in formamide prehy-
bridization solution at 42°C or in DNA prehybridization
solution at 65°C as described by Ausubel et al. (1994),
previous experiments having shown either method to give
the same results. DNA probes were labeled with 32P by
random priming using a DecaLabel kit (MBI Fermentas,
Progen, Queensland, Australia). Northern blots were
washed at 65°C in 2� SSC and 0.1% (w/v) SDS, followed
by a wash with 0.2� SSC and 0.1% (w/v) SDS. Blots were
exposed to x-ray film (Biomax MS; Eastman-Kodak, Roch-
ester, NY) at �70°C.

Hormone Analysis

The samples were kept at �20°C until extraction com-
menced. Internal standards of [17-2H2]GA1, [17-2H2]GA8,
[17-2H2]GA19, [17-2H2]GA20, and [17-2H2]GA29 were added
in amounts appropriate to the light treatment. Internal
standards were provided by Prof. L.N. Mander (Research
School of Chemistry, Australian National University, Can-
berra, Australian Capital Territory, Australia). Extraction
and purification was carried out as described by O’Neill et
al. (2000). GAs were separated by HPLC and were quanti-
fied by gas chromatography-selected ion monitoring as
previously described (Ross et al., 1995). The ion pairs mon-
itored for the quantification of GAs were as follows: 506
and 508 for GA1, 594 and 596 for GA8, 434 and 436 for
GA19, 418 and 420 for GA20, and 506 and 508 for GA29.
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